To gain insights in the molecular mechanisms of anesthesia, we analyzed the effects of bupivacaine on a series of voltage-gated K ϩ channels (Kv1.1, -1.2, -1.5, -2.1, -3.1, and -3.2) and various mutant channels derived from Kv2.1, using Xenopus laevis oocytes. Two phenomenologically different blocking effects were seen at room temperature: a time-dependent block of Kv1 and Kv3 channels (K d between 110 and 240 M), and a time-independent block on Kv2.1 (K d ϭ 220 M). At 32°C, however, Kv2.1 also showed a time-dependent block. Swapping the S6 helix between Kv1.2 and Kv2.1 introduced Kv1.2 features in Kv2.1. Critical residues were located in the N-terminal end of S6, positions 395 and 398. The triple substitution of residues 372, 373, and 374 in the S5-S6 linker decreased the bupivacaine affinity by 5-fold (K d increased from 220 to 1170 M). The results suggest that bupivacaine blocks Kv channels by an open-state-dependent mechanism and that Kv2.1 deviates from the other channels in allowing a partial closure of the channel with bupivacaine bound. The results also suggest that the binding site is located in the internal vestibule and that residues in the descending P-loop and the upper part of S6 are critical for the binding, most likely by allosteric mechanisms. A simple mechanistic scenario that explains the observations is presented. Thermodynamic considerations suggest that the interaction between bupivacaine and the channels is hydrophobic.
S5-S6 linker decreased the bupivacaine affinity by 5-fold (K d increased from 220 to 1170 M). The results suggest that bupivacaine blocks Kv channels by an open-state-dependent mechanism and that Kv2.1 deviates from the other channels in allowing a partial closure of the channel with bupivacaine bound. The results also suggest that the binding site is located in the internal vestibule and that residues in the descending P-loop and the upper part of S6 are critical for the binding, most likely by allosteric mechanisms. A simple mechanistic scenario that explains the observations is presented. Thermodynamic considerations suggest that the interaction between bupivacaine and the channels is hydrophobic.
Local anesthetics are important clinical tools, used in controlling pain, cardiac arrhythmias, and epileptic seizures. Although voltage-gated Na ϩ channels are the main targets for local anesthetics, clinically important side effects may be produced by lower affinity block of voltage-gated K ϩ channels. For instance, bupivacaine has been reported to induce lethal arrhythmias by affecting cardiac K ϩ channels (Albright, 1979; Mather and Chang, 2001) .
The blocking mechanism has been described as a complex state-dependent process in both Na ϩ (Hille, 1977 (Hille, , 2001 Hondeghem and Katzung, 1977; Butterworth and Strichartz, 1990) and K ϩ channels (Valenzuela et al., 1995) , with binding preferentially in open or in inactivated channel states. Several binding sites have been proposed in both Na ϩ (Hille, 2001 ) and K ϩ channels (Longobardo et al., 2000) , but the most extensively discussed hypothesis assumes a single site, located in the internal pore mouth (Lipka et al., 1998; Hille, 2001) , early postulated to be delimited by the S6 helix and the P-loop. The importance of S6 for the binding has been confirmed for both Na ϩ and K ϩ channels (Ragsdale et al., 1994; Franqueza et al., 1997) .
The molecular details of the blocking process are poorly known. The crystallization of the KcsA channel (Doyle et al., 1998) , however, has opened up new possibilities to investigate these processes in K ϩ channels, including molecular dynamics simulations (Åqvist and Luzhkov, 2000) .
To prepare the ground for such attempts, and to better understand the clinical side effects mentioned above, we analyzed the effects of bupivacaine on a series of wild-type Kv channels (Kv1.1, -1.2, -1.5, -2.1, -3.1, and -3.2) expressed in Xenopus oocytes. Besides the reasons listed above, there are further advantages with using the mentioned set of K ϩ channels. They have relatively slow and simple kinetics and do not show fast inactivation (making it possible to study the binding without complications caused by competition from the inactivation particle). They are structurally variable in the pore region, making our approach a natural site-directed mutagenesis. They also show differential sensitivity to general anesthetics (Harris et al., 2000) .
The results showed that bupivacaine at room temperature causes a time-dependent block of the studied Kv1 and Kv3 channels, and a time-independent block on Kv2.1. However, a time-dependent effect on Kv2.1 was seen at 32°C. Analysis of the effects of replacing residues in Kv2.1 by corresponding Kv1.2 residues (Fig. 1, A and B) in the internal vestibule delimiting structures (the S6 helix and the S5-S6 linker), showed that N-terminal end substitutions in S6 introduced Kv1.2 features with respect to the bupivacaine block. P-loop substitutions decreased the affinity of bupivacaine 5-fold.
The results suggest that bupivacaine blocks Kv channels by an open-state-dependent mechanism. The data are consistent with a binding site located in the internal vestibule. Numerical simulations suggest that the effect on Kv2.1 deviates from that on the other channels in allowing a partial closure of the channel in bound state. The mutational experiments suggest that residues in the descending P-loop and the upper part of S6 are critical for the binding, most likely by an allosteric mechanism. A simple mechanistic scenario explaining the observations is presented. One crucial feature of this scenario is the small distances between the critical residues and the conserved glycine residue in the S6 helix recently shown to act as a gating hinge (Jiang et al., 2002; Yifrach and MacKinnon, 2002) . Thermodynamic considerations suggest that the interaction between bupivacaine and the channels is hydrophobic.
Materials and Methods
Molecular Biology. cRNA for the rat Kv1.1, -1.2, -1.5, -3.1, and -3.2, and human Kv2.1 was synthesized by using the plasmid pAS18 as template for SP6 polymerase (Stü hmer et al., 1988) . The channel constructs used were all modified hKv2.1 channels (Swiss-Prot TrEMBL accession number Q14193), comprising introductions of rKv1.2 residues (Swiss-Prot accession number P15386). A lineup of the S5-S6 linker and the S6 segment of the used wild-type, chimeric, and point-mutated channels is shown in Fig. 1A .
For cRNA synthesis, the corresponding plasmid DNAs were linearized. The transcription reactions were performed using a com- Fig. 1 . A, sequence alignment of the S5-S6 linker and the S6 segment of rKv1.2, hKv2.1, rKv3.1, KcsA, and mutated hKv2.1 channels, respectively. The sequences shown are: hKv2.1, Homo sapiens (Swiss-Prot TrEMBL accession number Q14193); rKv1.2, Rattus norvegicus (Swiss-Prot accession number P15386); rKv3.1, R. norvegicus (Swiss-Prot accession number P25122); and KcsA Streptomyces lividans (PIR accession number S60172). B, schematic diagram of the transmembrane topology of a Kv subunit with location of the substitutions indicated. The region corresponding to the KcsA channel (the pore region) is marked. mercial kit (mMessage mMachine; Ambion, Austin, TX) and T7 RNA polymerase. Oocytes of the South African clawed toad (Xenopus laevis) were used as expression system. Oocytes in stage V or VI were isolated manually from the ovary and injected with the cRNA dissolved in distilled water at a concentration of 0.5 ng/oocyte (nonKv2.1 channels) or 0.01 ng/oocyte (Kv2.1). The injected oocytes were maintained at 20°C until used for experiments. The electrophysiological experiments were performed 3 to 5 days after injection of cRNA.
Electrophysiology. The investigations were performed with a two-electrode voltage-clamp technique, modified to include a concentration-clamp technique (Madeja et al., 1991) . The pipettes used were of borosilicate glass (Hilgenberg, Malsfeld, Germany) with a resistance of 0.5 to 1 M⍀ when filled with 3 M KCl. Data acquisition and analysis were made with pCLAMP software (Axon Instruments, Union City, CA). The holding potential was Ϫ80 mV and currents associated with steps in increments of 10 to ϩ60 mV were recorded before and after application of bupivacaine in various concentrations (see below).
A high cRNA concentration was used for injection to obtain a high channel density. The consequent series resistance problem was avoided by making the critical measurements at relatively low currents. The volume resistance of the external solution between membrane and ground was estimated to be between 0.1 and 1 k⍀. The resulting voltage error in measurements of midpoint values and of blocking time courses was estimated to be less than 1 mV. The relatively long settling time of the potential steps (partly because of the large membrane capacitance; Finkel and Gage, 1985) clearly depended on the size of the current. The resulting error was negligible at currents below 5 A and, consequently, in the measurements at the used bupivacaine concentrations. However, it affected the control currents at high potential steps. We therefore discarded the first 2 ms of these recordings in the quantitative analysis. The results are given as mean Ϯ S.D.
Solutions. The tissue culture solution was a modified Barth medium (88 mM NaCl, 1 mM KCl, 1.5 mM CaCl 2 , 2.4 mM NaHCO 3 , 0.8 mM MgSO 2 , and 5 mM HEPES, pH 7.4, which was supplemented with penicillin (100 IU/ml) and streptomycin (100 g/ml). The electrophysiological experiments were made with two types of solution, normal Ringer's solution and high [K ϩ ] solution. The latter type was used for investigating tail currents. The composition of the control Ringer's solution was 115 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , and 10 mM HEPES, pH 7.2. The composition of the control high [K ϩ ] solution was 2.5 mM NaCl, 120 mM KCl, 1.8 mM CaCl 2 , and 10 mM HEPES, pH 7.2. The test solutions consisted of bupivacaine (Sigma Chemical Co, St. Louis), added to the control solutions in concentrations of 30, 100, 300, and 1000 M.
To investigate the possibility of external binding sites, bupivacaine was in some experiments replaced by the permanently charged analogs LEA-113 (bupivacaine analog), LEA-120 (lidocaine analog), and RAD-250 (mepivacaine analog) in concentrations up to 1000 M. The analogs were gifts from Astra (Södertä lje, Sweden).
Data Analysis. The time course of the block was quantified by fitting a sum of two exponentials to the current recordings in the time window 2 to 500 ms with a nonlinear correlation procedure (Chebyshev method; pCLAMP software, Axon Instruments).
The steady state K ϩ conductance g(V) was calculated as
where I(V) is the steady-state current, V is the absolute membrane potential, and E K is the equilibrium potential (assumed to be Ϫ80 mV). The dose-response curves were fitted to the equation Kinetic and Structural Model Simulations. To describe the experimental results, we used the kinetic schemes described under Results. They were solved numerically and fitted to the experimental data. Scheme 1 will briefly be discussed below. The extended version, Scheme 2, was solved correspondingly. Scheme 1 is described by the following system of differential equations:
where P 1 , P 2 , and P 3 are the probabilities that the system is in states C, O, and B, respectively at time t. The initial condition was chosen such that the system is in state C (P 1 ϭ 1) at time 0. The rate constants of the activation were
where V is the absolute membrane potential, F is the Faraday constant, R is the real gas constant, T is the absolute temperature, the rate constant at V ϭ V 0 , and q is the valence of the transition. The voltage dependence of the blocking transition was assumed to be described by the factor exp(Ϫ ␦V F/R T) multiplied with the unblocking rate constant . ␦ is the fraction of the field sensed by the charged bupivacaine molecule in its blocking action (the electrical distance).
Eq. 3 was solved by a simple Euler integration method. The time interval used was 10 s. For the cases (Kv1.1, -1.2, and -3.2) in which the g(V) curves showed a clear saturation level within the investigated voltage range (Ͻϩ60 mV), the electrical distance ␦ could be directly estimated from the g(V) curve by fitting the experimental data to the following equation:
where g ctrl (V) is the conductance in control solution and K d (0) is the dissociation constant at V ϭ 0 mV. The structural model simulations of the mutated channels were performed with SwissPdb Viewer (version 3.7).
Results

Analysis of Wild-Type Channels
Two Types of Effect. Figure 2A shows the effect of 0, 100, 300, and 1000 M bupivacaine on currents associated with a test step to ϩ60 mV for all the wild-type channels studied. Except for the case of the Kv2.1 channel, the effect is a time-dependent reduction. For the Kv2.1 channel, no such time dependence is evident, suggesting a deviating blocking mechanism. However, this channel also deviates from all the other channels in showing a considerably slower activation time course. The time to half maximum current value (t 1/2 ) at ϩ60 mV varied between 3.7 and 6.2 ms for Kv1 and 3 channels, whereas it was 12 ms for Kv2.1. Mean values are listed in Table 1 . The slower activation of the Kv2.1 channel will have consequences for the interpretation of the bupivacaine effect on Kv2.1 as will be described below. Figure 3 shows the concentration dependence of the steady-state reduction for each channel investigated, measured at ϩ60 mV and 500 ms. Each data point represents mean values from 4 to 12 cells. Fitting Eq. 2 to the data gives Local Anesthetic Block of K ؉ Channels dissociation constants in the range 110 to 240 M and Hill coefficients in the range 1.0 to 1.4 for the different channel types, suggesting 1:1 reversible reactions between bupivacaine and the channel protein (see Table 1 ).
Time-Dependent Effects Suggest an Open-State-Dependent Mechanism.
The time-dependent current reduction evident in the non-Kv2.1 channels suggests that a considerable fraction of the bupivacaine molecules binds to the To determine whether such a mechanism could fully describe the block, we used a simple kinetic scheme (Scheme 1). The scheme can easily be extended to include several closed states to better fit the experimentally observed activation phase. However, the experimental resolution of this phase was limited because of the frequency response of the amplifier system (see Materials and Methods), and we found it sufficient for the present purpose to use the simpler Scheme 1.
Time Course Analysis. We thus fitted Scheme 1 (by fitting numerical solutions of Eq. 3) simultaneously to the experimental data (current time courses) at 0, 100, 300, and 1000 M bupivacaine for the different channels in Fig. 2A , using the K d (60) values listed in Table 1 . The resulting curves of this global fit procedure are shown in Fig. 2B . The values of activation and blocking/unblocking rate constants (␣, , and respectively) are given in the figure legend. The good fit between the experimental data and the calculated curves suggest that the block can be described by Scheme 1 type kinetics. However, because the block of Kv2.1 did not display a peaked time course, it was not possible to uniquely determine the blocking rate constants but only minimum values. This means that, at this stage, we cannot exclude the idea that other blocking mechanisms, comprising a stateindependent component, explain the experimental observations.
The cause of the nonpeaked time course in Kv2.1 channel might be the slow activation time (compared with the other Kv channels), masking a time-dependent blocking time course. We tried to clarify this issue by increasing the activation rate. There are two easy ways to experimentally accomplish this: to increase the temperature (compared with the previously used room temperature) and to increase the potential (compared with the previously used highest potential ϩ60 mV). We used both ways. Figure 4 shows the results from an experiment, in which the temperature was increased from 24 to 32°C. The rate of activation increased 3-fold (mean t 1/2 is decreased from 12 Ϯ 1 to 4.0 Ϯ 0.2 ms; n ϭ 3) and a time dependence of the bupivacaine block (300 M) at 32°C was clearly evident. Similar results were obtained in experiments with test steps up to ϩ100 mV. The rate of activation was increased 45% (mean t 1/2 is decreased from 12 Ϯ 1 ms to 8.3 Ϯ 0.6 ms; n ϭ 5), and a time dependence of the block of 300 M was visible (data not shown).
Both types of experiments suggest that the block of Kv2.1 comprises an open-state dependent component. However, Scheme 1 was too simple to fully explain the block. We therefore extended it by assuming that the channel partially closes in bound state according to Scheme 2. When A was assumed to be 0.4, this scheme better explained the block of Kv2.1 channels than Scheme 1 where A ϭ 0. However, it was difficult to obtain good estimations of the blocking time constant, and thus of the constant A, from the time course measurements because of poor experimental resolution (no Fig. 3 . Dose-response curve for steady-state block of the channels studied. f, Kv1.1; OE, Kv1.2; F, Kv1.5; छ, Kv2.1; Ⅺ, Kv3.1; ‚, Kv3.2. Continuous line is the solution of Eq. 2 fitted to the mean steady-state block (n ϭ 4 -12 for each channel). K d ϭ 160 M and n H ϭ 1.1. Mean K d values for each channel are given in Table 1 . Scheme 1. C, O, and OB denote closed, open, and blocked states, respectively; ␣ and ␤ are activation and deactivation rate constants, respectively; and are binding and unbinding rate constants, respectively; and c is the bupivacaine concentration.
Scheme 2.
A is a constant (Ͻ1) reflecting a decreased rate of closing in bound state. Also shown are time to half-maximal current at ϩ60 mV (t 1/2 ), midpoint value of the conductance versus voltage curve (V 1/2 ) in control solution, and Hill coefficients (n H ).
Local Anesthetic Block of K ؉ Channels pronounced peak). We therefore estimated A from the steadystate g(V) curves, which proved to be a more reliable method. Steady-State Conductance Curve Analysis. We thus calculated steady state g(V) curves for different bupivacaine concentrations and fitted numerical solutions of Scheme 2 to the data. The voltage dependence of the activation and blocking/unblocking transition was assumed to follow equations as described under Materials and Methods (Eq. 4 and associated formulas). Fitting Scheme 2 simultaneously to data for 0, 100, 300, and 1000 M yielded values of the activation rate constants ␣ and ␤, the blocking rate constants and , the constant A, and the electrical distance ␦.
The experimental results confirmed and extended the observations from previous studies (Elinder et al., 1996) on the variability of activation range for the different channels. The midpoints (V 1/2 ) in control solution were found to range from Ϫ29 mV (for Kv1.1) to ϩ18 mV (for Kv3.1) and are listed in Table 1 . The results also confirmed that the block of Kv2.1 deviated from that of the other channels. For all the nonKv2.1, the block could be described by Scheme 2 with A ϭ 0 (i.e., Scheme 1), whereas for Kv2.1, A ϭ 0.44 Ϯ 0.06 (n ϭ 4).
The difference between the block of Kv2.1 and of the other channels is illustrated in Fig. 5 ; A shows the effect of 300 M bupivacaine on the g(V) curve of Kv1.5 and B shows the effect on the g(V) curve of Kv2.1 in comparison with solutions of Scheme 2, assuming A ϭ 0 and A ϭ 1. The experimental g(V) curve for Kv1.5 closely follows the curve predicted by A ϭ 0 (no closure), whereas that for Kv2.1 is situated between the solutions for A ϭ 0 and A ϭ 1.
The block was slightly voltage dependent. The fitting procedure described above (simultaneous fitting of Scheme 2 to measurements in different bupivacaine concentrations) yielded values of the electrical distance of the binding site for the different channels. The values varied between 0.10 and 0.25 (n ϭ 4-6 for each channel). A more direct estimation of the electrical distance was also possible for channels from which several g(V) points at fully activated channels were available. Kv1.1, -1.2, and -3.2 belonged to this category, and the electrical distances for these channels, obtained from fitting Eq. 5 to the experimental points, were 0.17 Ϯ 0.02, 0.13 Ϯ 0.03, and 0.18 Ϯ 0.01, respectively (n ϭ 4 for each channel), near the values obtained from the more complete fitting procedures described above (fitting Scheme 2).
In summary, the simulations and fitting procedures applied to the steady state g(V) curves show that the bupivacaine block of the Kv channels studied can all be explained by a simple open-state-dependent mechanism, described by the unitary Scheme 2. What differs between the block of the different channels is the degree of closure at repolarization (i.e., the value of the constant A). Kv2.1 channels can partially close (A ϭ 0.4), whereas Kv1 and -3 channels cannot (A ϭ 0). The small electrical distances obtained suggest that the binding sites in all studied channels are located superficially (in electrical terms) on the internal side.
Tail Current Experiments Support the Partial Closure Hypothesis. The g(V) curve analysis above of the bupivacaine effect on the closing transition in bound state was supplemented by an analysis of the effects on tail currents in high [K ϩ ] solutions. This approach allows a direct estimation of the bupivacaine effect on the rate of the backward transition (OB3CB) and thus of factor A. Figure 6A shows tail currents at Ϫ80 mV computed from Scheme 2 for the cases A ϭ 0 and A ϭ 0.4. The difference between the crossing-over points of the test-control curves in the two cases is clear. Figure 6 , B and C, shows the effect of 300 M bupivacaine on the tail current associated with a step from ϩ60 to Ϫ80 mV in high [K ϩ ] solutions for Kv2.1 and Kv1.2, as representative for the non-Kv2.1 channels. A comparison between the experimental and the simulation curves suggests, in agreement with the conclusions above, that the bupivacaine effect on Kv1.2 is well explained by a nonclosure mechanism (A ϭ 0) and that on Kv2.1 by a partial closure mechanism (A ϭ 0.4). This in turn strengthens the view that bupivacaine affects the gating mechanisms in Kv2.1 and Kv1.2 (and thus the non-Kv2.1 channels) in quantitatively different ways, suggesting structural differences.
The increased external [K ϩ ] in the tail experiments affected the blocking kinetics of bupivacaine. Fitting Scheme 2 to the experimental curves for Kv2.1 and Kv1.2 gave and values that were, compared with the values in Ringer test solutions, reduced by 3-to 5-and 2-fold, respectively, yielding a slight K d increase (about 50%). The effect was, unexpectedly, voltageindependent, being equal at both ϩ60 and Ϫ80 mV, and thus independent of the current direction through the pore. This suggests an interaction between external K ϩ and the bupivacaine binding site, most likely by an allosteric mechanism (see Discussion for the location of the binding site).
No Effect by Permanently Charged Local Anesthetics. In conclusion, the results suggest a single-site blocking mechanism for all channels studied. This conclusion was supported by results from experiments on Kv2.1 and Kv1.2 with permanently charged local anesthetic analogs, assumed to act exclusively from the external side. We used the bupivacaine analog LEA-113, the lidocaine analog LEA-120, and the mepivacaine analog RAD-250. They were applied in concentrations of up to 1000 M for 10 min. No effect was observed for any analog on either of the two channels: LEA-113 was tested on six oocytes, RAD-250 on eight oocytes, and LEA-120 on four oocytes (data not shown).
Mutational Analysis
Substituting the S6 Helix Impairs Channel Closing in Bound State. The S6 helix is expected to play a role for the binding of local anesthetics (Ragsdale et al., 1994; Franqueza et al., 1997) . It is also assumed to be directly involved in the gating process (Yellen, 1998; Scholle et al., 2000) . There are, therefore, at least two reasons to expect modifications of the bupivacaine effect on Kv2.1 after a Kv1.2 S6 helix substitution: an indirect effect caused by increased activation rate, causing a visible time-dependent block, and a direct effect caused by structural modifications in the binding region, decreasing the probability of closing the channel in bound state.
The effect of the S6 helix substitution per se is demonstrated in Fig. 7 . The rate of activation is faster [t 1/2 (60) is 7.7 versus 12 ms; see Table 2 ] and the g(V) curve is strongly shifted to the left compared with that of the wild type (V 1/2 shift is Ϫ36 mV; see Table 2 ). Compared with the donor channel (Kv1.2), however, the chimera does not activate as fast (t 1/2 at ϩ60 mV is 7.7 versus 3.7 ms), but it activates at more negative potentials (V 1/2 shift is Ϫ14 mV). Thus, the effect of bupivacaine on the S6 substituted chimera ChS6 was, as expected, time dependent (Fig. 7A) . This lends support to the conclusion that Kv2.1 comprises an open-state-dependent site for bupivacaine, normally masked by a slow activation. Furthermore, analyzing the g(V) curve (Fig. 7B ) by fitting Scheme 2 to the experimental data suggests that the channel probability of closing in bound state is very small in the S6 substituted chimera; i.e., its kinetics is explainable in terms of the scheme with A ϭ 0. In summary, introducing the S6 helix of Kv1.2 into Kv2.1 induces Kv1.2 behavior with respect to bupivacaine action. The same conclusion is suggested by the change in the A value, reflecting the resistance to closing with bupivacaine bound at repolarization (0.03 versus 0.44; Table 1 ). The K d value of the steady-state block at ϩ60 mV is about 2-fold higher for ChS6 than that of wild-type Kv2.1 (520 versus 220 M; Table 2) .
N-terminal End Residues Are Critical for the Impaired Closing.
To analyze the role of the specific residues Fig. 7 . Effects of bupivacaine on the S5-S6 linker (ChS5-S6) and the S6 helix (ChS6) chimeras. Control curves from Ringer's solution measurements. A, current time course for a test pulse to ϩ60 mV from a holding potential of Ϫ80 mV. The bupivacaine concentrations are 0, 100, 300, and 1000 M. B, conductance versus voltage curves (Eq. 1). The bupivacaine concentration is chosen to block about 50% at ϩ60 mV. ChS5-S6, 1 mM; ChS6, 300 M. in S6 important for the modified closing probability discussed above, we substituted smaller segments and single residues from Kv1.2 to Kv2.1 (Fig. 1) . We used the channel constructs Mu395, Mu404, Mu409, and Mu417, which comprise substitutions of all the differing residues of the Kv2.1 and Kv1.2 S6 segments, for the experiments (see Materials and Methods). Except for Mu417, all the constructs showed a 2-fold increase in rate of activation compared with that of wild-type Kv2.1 (t 1/2 ϭ 5.1-6.6 ms versus 12 ms; Table 2 ). As mentioned above, the corresponding increase for the whole S6 substitution was also 2-fold (t 1/2 ϭ 7.7 ms; Table 2 ), suggesting a complex interaction between the residues involved in the activation process. Corresponding g(V) curves showed relatively small deviations (but in different directions) from that of the wild-type Kv2.1 [i.e., in contrast to the S6-substituted chimera (V 1/2 shifts between ϩ9 and Ϫ1 mV versus Ϫ36 mV; Table 2 ). In addition, the results here point to a complex, nonadditive interaction between the residues in determining the voltage dependence. The effects of bupivacaine on the S6-modified channels are summarized in Table 2 . A time-dependent block is evident at 1000 M for all S6-modified channels (data not shown), supporting the hypothesis of an open-state-dependent mechanism, explaining the bupivacaine effect on Kv2.1. The K d values for the S6-modified channels varied between 170 and 420 M.
Analyzing the g(V) curves by fitting Scheme 2 to the experimental data, we found that the bupivacaine effect on Mu395 was explainable in terms of the scheme with A ϭ 0 (i.e., an open-state dependent mechanism with a very small probability to close with bupivacaine bound). In summary, introducing the 395 and 398 residues of Kv1.2 into Kv2.1 induces Kv1.2 behavior in Kv2.1 with respect to bupivacaine action. For Mu404, Mu409, and Mu417, the fitting procedures showed in all cases that A Ͼ0.4 (Table 2); i.e., they are explained by an open-state-dependent mechanism similar to that of wild-type Kv2.1. Thus, they partially close with bupivacaine bound.
The effect of bupivacine on the closing transition is most easily investigated by analyzing the tail currents in high [K ϩ ] solutions. As shown above, the tail current in the case of no closure in bound state (i.e., A ϭ 0) is predicted to clearly cross over the corresponding current in control solution, whereas in the case of normal closure with bupivacaine bound (i.e., A ϭ 0.4), the crossing-over is much less conspicuous (see Fig. 6A ). Figure 8 shows the effect of 300 M bupivacaine on the tail current associated with a step from 60 to Ϫ80 mV in high [K ϩ ] solutions for the chimeras Mu395, Mu404, and Mu409. In agreement with the conclusions above, a clear crossingover is noted for Mu395, whereas the crossing-over for Mu404 and -409 is much less conspicuous.
In summary, the results suggest that introducing Kv1.2 residues in the N-terminal end of the S6 helix above the assumed gating region (i.e., the S6 helices crossing point at the level of Ile409, Ile411, and Asn414) modifies the bupivacaine block of Kv2.1 indirectly as well as directly; indirectly by unmasking an open-state dependent mechanism through an increased rate of gating (residues Gly395, Cys398, Val404, Ile409, Ile411, and Asn414) and directly by modifying the gating process, reducing the probability of closing in bound state (G395 and C398). The affinity of the binding site, however, was not affected by any of these substitutions. This deviates from the effect of the C-terminal double mutation S417N/E418Y, which slightly increased the affinity ( Table 2) .
The results highlight the importance of the S6 helix for the activation of gating; except for Mu417, all S6 constructs studied increase the activation rate ( Table 2 ). The g(V) curves are affected in a less homogenous way; a whole segment substitution causes a large negative shift whereas single residue substitutions cause relatively small shifts in both directions. As pointed out above, this implies that that the different residues interact in a complex way to open the activation gate.
Substituting the S5-S6 Linker Decreases the Affinity of Bupivacaine Binding. Part of the internal vestibule wall is formed by the P-loop and has been shown to be involved in the internal binding of TEA (Yellen et al., 1991) . Thus, substituting the whole linker S5-S6 can be expected to be involved in bupivacaine binding. Furthermore, it is expected to give information on possible external binding sites.
The result of the S5-S6 substitution per se was found to be an increased rate of activation ( Table 2 ). The mean time to half-maximal current at ϩ60 mV (t 1/2 ) decreased from 12 to 7.9 ms. The g(V) curve was slightly shifted in positive direction (mean, ϩ7 mV).
The effect of the substitution on the bupivacaine action is shown in Fig. 7A . It shows the result of applying three concentrations of bupivacaine on ChS5-S6 at ϩ60 mV. The main result is that the block is reduced compared with that of both Kv1.2 and -2.1. The mean K d of blocking ChS5-S6 at ϩ60 mV is 1150 M compared with 220 M for Kv2.1 and 210 M for Kv1.2 (Table 2) . The A value, however, is relatively little changed compared with that of Kv2.1 (0.35 versus Fig. 8 . Effects of 300 M bupivacaine on tail currents, associated with a step to Ϫ80 mV from ϩ60 mV for the mutated channels Mu395, Mu404, and Mu409. Note the clear crossing-over between control and bupivacaine currents for Mu395.
Local Anesthetic Block of K ؉ Channels 0.44; see Table 2 ), suggesting that the S5-S6 linker is functionally associated with the binding transition but not with the closing transition (i.e., it does not determine factor A). External Vestibule Residue Substitutions Do Not Contribute to the Whole Linker Effect. The lower affinity induced by the S5-S6 linker substitution was unexpected. To identify the critical residues, we performed segment and single-residue substitutions (Fig. 1) . The role of the external vestibule residues was analyzed by substituting the S5-P and P-S6 segments separately (ChS5-P and ChP-S6) and in combination (ChS5-P/P-S6). The role of the P-region was analyzed in more detail by using the following three constructs: Mu366, characterized by the double substitution A366D/ S367A, Mu372, characterized by the triple substitution T372V/I373V/T374S, and Mu383, characterized by the double substitution I383M/Y384V (see Fig. 1 ).
The effects of the substitutions per se on time course and g(V) curve are listed in Table 2 . Effects ranged from negligible to increased rates of activation. Summarizing the results for the external vestibule residue substitutions, the increased rate of activation for the whole linker substitution is explained by residues in the P-S6 segment (mean t 1/2 at ϩ60 mV decreased from 12 to 7.2 ms). This may be related to the reported evidence for an S6 involvement in gating. The midpoint of the g(V) curve was only marginally affected. The affinity was considerably less affected by the external vestibule residues substitution than by the whole linker substitution (Table 2) , confirming the conclusion from the results with permanently charged local anesthetics (see Materials and Methods) that no major block is exerted from binding to external residues. A slight time dependence of the block (i.e., the time course shows a peaked appearance) at 1000 M was detected for the chimeras with increased rate of activation (ChS5-P/P-S6, ChP-S6), confirming the open-state-dependent blocking mechanism.
The analysis of the g(V) curves confirms the results from the whole linker substitution; the S5-S6 linker is not functionally associated with the closing transition. This is reflected in the A values obtained [in the range 0.45 to 0.52 (Table 2) ].
P-Loop Residues Are Critical for the Decreased Affinity. The P-loop residue substitutions resulted in more marked modifications of the block than the external residue substitutions. The effects of the substitutions per se are listed in Table 2 . An increased rate of activation was noted for the substitutions in the N-terminal end of the P-loop (positions 366 and 367 in Kv2.1); the mean t 1/2 at ϩ60 mV was decreased from 12 to 7.2 ms. The shifts of the g(V) curves were small, the extremes being Ϫ2 and ϩ5 mV.
The bupivacaine block was decreased by the triple-mutation T372V/I373V/T374S; the mean K d value at ϩ60 mV was increased to 1170 from 220 M ( Table 2 ). This suggests that the reduced affinity caused by the S5-S6 linker substitution is explained by modifications of the three-residue segment Thr372-Ile373-Thr374. In addition, the double mutation A366D/S367A decreased the affinity, but to a lesser extent (K d being increased to 640 M; Table 2 ). Analyzing the g(V) curves and determining the A value suggested that the Ploop substitutions did not affect the closing transitions markedly ( Table 2) .
As shown in the schematic channel structure of Fig. 1B , the three residues involved in the largest modification of bupivacaine block (positions Thr372, Ile373 and Thr374) are located in the descending helix of the P-loop. Based on the generally accepted assumption of a close homology between the pore domain of Kv2.1 and KcsA, we conclude that the discussed residues are not in contact with the external solution. The decrease in binding affinity of the S5-S6 linker substituted chimera therefore seems associated with modifications of the bupivacaine binding to the internal vestibule site.
Discussion
A Working Hypothesis. To gain insights into the molecular mechanisms of anesthesia, we analyzed the effects of bupivacaine on a series of voltage-gated K ϩ channels (Kv1.1, -1.2, -1.5, -2.1, -3.1, and -3.2) and various mutant channels derived from Kv2.1. Summarizing the main findings, we showed that 1) the block of Kv2.1 deviated from the block of the other channels and 2) introducing some Kv1.2 residues in Kv2.1 introduced Kv1.2 features, whereas introducing other Kv1.2 residues changed the blocking behavior in another direction; i.e., they drastically reduced the bupivacaine affinity.
Numerical simulations showed that the block could be described by a simple unitary state diagram (Scheme 2) in which the deviation of Kv2.1 is seen in the relatively high probability to pass into a bound closed state at depolarization. This means that in Kv2.1, the bupivacaine molecule is partly trapped in the internal vestibule of the channel at repolarization, whereas in the other channels, bupivacaine prevents the channel from closing.
This deviating feature of Kv2.1 is in line with the results from other studies, suggesting Kv2.1 to be selectively sensitive to certain pharmacological compounds, such as 4-aminopyridine and propafenone (Kirsch et al., 1993; Madeja et al., 2003) .
Introducing Kv1.2 residues into positions 395 and 398 of Kv2.1 induced Kv1.2 features (i.e., decreased probability of closing), whereas substitutions of other S6 residues did not modify the bupivacaine block. Introducing Kv1.2 residues into positions 372, 373, and 374 of Kv2.1 decreased the bupivacaine affinity. The mutational effects on the Kv2.1 kinetics (Scheme 2) can be summarized as in Scheme 3.
The Mu372 mutation leads to modified binding of bupivacaine (quantitatively described by a decreased affinity, K d ), and Mu395 to modified closing of the channel in bound state (quantitatively described by the trapping factor A).
The residues substituted in Mu372 and in Mu395 are most probably not accessible for bupivacaine (but see Pascual et , 1995) . Both groups of residues are also located near each other. Homology simulations, in which Kv2.1 and chimeras were constructed on basis of the KcsA channel (see Materials and Methods), suggest that the distances between them range from 3.2 to 7.5 Å; the shortest distance is between S374 and C398 in the Mu372 channel (see Fig. 1A ). An attractive idea is that the apparently different effects of these two groups of mutations with reference to the blocking behavior are caused by a similar mechanism. The following working hypothesis suggests such a unitary mechanism.
We assume that bupivacaine in wild-type Kv2.1 is bound inside the internal vestibule and thereby blocks the K ϩ permeation through the channel. We also assume that bupivacaine has full access to its internal vestibule binding sites in open wild-type Kv2.1 channels. Mutation G395S/C398A is assumed to modify the open conformation (possibly by decreasing the entrance diameter, impairing the entrance of bupivacaine into the vestibule), causing bupivacaine to bind to a blocking site in the internal mouth region rather than to its site in the internal vestibule, thereby preventing channel closing. Mutation T372V/I373V/T374S is assumed to modify the open conformation even more (possibly by further decreasing the diameter), blocking the access of bupivacaine to any blocking site.
Related Findings in Other Studies. Binding of local anesthetics to an open-state dependent site in an internal vestibule was postulated early (Hille, 1977) , as was the binding of other channel blocking compounds (Armstrong, 1971; Kristbjarnarson and Århem, 1982) . Molecular studies later confirmed these early suggestions (Ragsdale et al., 1994; Yellen et al., 1991; Choi et al., 1993; Kirsch et al., 1993; for another view, see del Camino et al., 2000) , most recently by using crystallographic methods (Zhou et al., 2001; Jiang et al., 2002) .
The fact that point mutations in the N-terminal end of S6 (Mu395) modify the blocking kinetics so drastically (from trapping to nontrapping) is remarkable, in view of the distance between the substituted residues (395 and 398) and the assumed gating region, the S6 bundle crossing. However, some recent findings may make our working hypothesis less far-fetched. One is that a more closely located glycine (G401) may be the critical hinge for the gating mechanism (Jiang et al., 2002; Yifrach and MacKinnon, 2002) . Another is that the I470C mutation in Shaker (corresponding to I405 in Kv2.1) induces trapping of TEA and C 10 (Holmgren et al., 1997) . Yet another finding is that V373 in Kv2.1 affects the TEA binding, possibly without being part of the binding site (Kirsch et al., 1992) .
Physical Nature of the Bupivacaine Binding. The exact location and the physical nature of the site(s) and bond(s) between channel and bupivacaine are unknown. The S6 segment has been reported to form part of the binding site/sites of local anesthetics (Ragsdale et al., 1994) , of longer quaternary ammonium ions (Choi et al., 1993) and of 4-aminopyridine (Kirsch et al., 1993) , whereas the P-loop has been reported to be involved in tetraethyl ammonium binding (Yellen et al., 1991; Choi et al., 1993) . The residues of the S6 segment reported to be critical for local anesthetic binding in Na ϩ channels are aromatic (Ragsdale et al., 1994) . Likewise, the residues critical for antiarrhythmic binding in HERG channels have been reported to be aromatic (Mitcheson et al., 2000) . Both studies suggest that local anesthetics and antiarrhythmic drugs form ion-dipole and dipole-dipole bonds with the channel. As seen in Fig. 1 , no aromatic residues are present in the S6 segment of the channels studied, excluding the possibility of forming ion-dipole bonds and reducing the possibility of forming dipole-dipole bonds for the bupivacaine molecule in the internal vestibule. Thus, we have to search for other types of interactions between bupivacaine and the K ϩ channels studied. Thermodynamic considerations of our data on Kv2.1 suggest that they are hydrophobic. The temperature experiments allow us to calculate the binding energy (as enthalpy ⌬H) from the van't Hoff relation
where R is the gas constant, K d (T 1 ) and K d (T 2 ) are dissociation constants at temperatures T 1 ϭ 297 K and T 2 ϭ 305 K. Calculations based on the experimental estimations listed in Table 3 yielded a ⌬H value of 20.8 kJ/mol, which is within the range of hydrophobic bond energies encountered in biological processes (Freifelder, 1985) . The associated entropy value ⌬S is calculated from the equation
where ⌬S is the entropy change and ⌬G is the Gibb's energy, given by
with molar K d , was 19.8 kJ/mol/K, and thus supported the hypothesis of hydrophobic bonds between bupivacaine and Kv2.1 (Cantor and Schimmel, 1980) . Taking into account the fact that the dissociation constants for bupivacaine binding to channels expressed in oocytes may be artifactually too high (compare Lipka et al., 1998) , the ⌬S value would be even higher. This would further strengthen the hydrophobic bond hypothesis (see also Dickinson et al., 1993) .
Most substitutions in the present investigation concern residues not directly constituting a part of the internal vestibule wall. Only residues 404 and 409 point in the direction of the cavity center. Substitutions of these residues, however, affected neither the bupivacaine binding nor the closing transition of the bupivacaine-bound channel, despite changes in hydrophobicity and size (Table 4) . Thus, we suggest that bupivacaine mainly forms hydrophobic bonds with internal vestibule residues, not modified in the present investigation.
Concluding Remark. The fact that only Kv2.1 traps the bupivacaine molecule is remarkable, considering the close structural relationship within the Kv family. Even more remarkable is the fact that this ability can be related to one/two amino acids, as is also the fact that the bupivacaine affinity can be drastically reduced by substitutions of a few residues that do not constitute a part of the binding site. Similar differences concerning pharmacological action are likely to be (Kyte and Doolittle, 1982) . Positive values imply increased hydrophobicity. Size change given as change in residue volume, calculated from densitometric measurements (Zamyatnin, 1972 
